Single-molecule nuclear magnetic resonance (NMR) is a crown-jewel challenge in the field of magnetic resonance spectroscopy and has important applications in chemical analysis and in quantum computing. Recently, it becomes possible to tackle this grand challenge thanks to experimental advances in preserving quantum coherence of nitrogen-vacancy (NV) center spins in diamond as a sensitive probe 1-4 and theoretical proposals on atomicscale magnetometry via dynamical decoupling control 5 . Through
ence measurement of NV centers under dynamical decoupling control, sensing of single 13 C at nanometer distance has been realized [6] [7] [8] . Toward the ultimate goal of structure analysis of single molecules, it is highly desirable to directly measure the interactions within single nuclear spin clusters. Here we sensed a single 13 C-13 C nuclear spin dimer located about 1 nm from the NV center and characterized the interaction between the two nuclear spins, by measuring NV center spin decoherence under various dynamical decoupling control. From the measured interaction we derived the spatial configuration of the dimer with atomic-scale resolution. These results demonstrate that central spin decoherence under dynamical decoupling control is a feasible probe for NMR structure analysis of single molecules.
In NMR, the structures of complex molecules can be unravelled by analysis of interaction between nuclear spins. Traditional magnetic resonance techniques rely on large ensembles of nuclear spins to accumulate signal-to-noise ratios. Recently, novel methods have been developed to improve the sensitivity including magnetic resonance force microscopy 9 and optically detected magnetic resonance (ODMR) 1-4, 10, 11 . Non-interacting single nuclear spins have been successfully sensed using NV center probes under dynamical decoupling control. However, measurement of interaction between nuclear spins within a single molecule and 2 resolving their structures are still challenging. Here we report experimental characterization of coherent coupling within a two-nuclear-spin cluster close to an NV center in diamond and determination of the cluster's spatial configuration using the interaction information.
The NV center consists of a nitrogen impurity and a neighbour vacancy. Its triplet (S=1) ground state can be spin-polarized and read out optically. It has ultralong coherence time up to milliseconds in ultrapure samples 12 or under dynamical decoupling control 13 . These remarkable properties make the NV center a potential candidate for observing novel quantum phenomena 14, 15 , quantum processing [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and magnetic field sensing 1, 2 .
In pure diamond samples, NV center electron spins lose their coherence due to the magnetic fluctuation from surrounding 13 C nuclear spins. The fluctuation is dominated by single nuclear spin precession or flip-flop processes of spins clusters. Our measurement was carried out in strong field, where single spin precession was strongly suppressed 27 , and therefore the interacting 13 C spin clusters are the dominant noise source. In this case, we are able to single out the physical effect caused by collective dynamics of nuclear spin clusters and, then, unravel the interaction within the cluster.
Among different kinds of 13 C nuclear spin clusters, a bonded 13 C spin dimer stands out because it can induce strong fingerprint modulations on NV center spin coherence 5 . In this work, we observed the dimer-induced modulation on NV center electron spin coherence, and characterized the interaction within the dimer and that between the dimer and the NV center electron spin.
In strong magnetic field, the dimer dynamics can be described by a pseudo- 
where the component X of the pseudo-field h (α) is the nuclear dipolar interaction strength and the component Z (m S ) is due to the difference between hyperfine couplings of the two nuclei to the center spin, corresponding to the NV center electron spin state |m S .
The pseudo-field component Z (m S ) and hence the nuclear spin pair dy-namics depend on the NV center electron spin state |m S . For the NV center spin in |m S = 0 state, the hyperfine couplings vanish while for |m S = 1 state, the hyperfine couplings of the two nuclear spins have a finite difference of Z (1) ∼ 10 kHz. Correspondingly the pseudo-spin will precess with frequencies
When the NV center spin is prepared in a superposition state (|m S = 0 + |m S = 1 ) / √ 2, the characteristic frequency of the noise induced by the pseudo-spin becomes ω
In our experiment, the pseudo-spin precession frequency ω to the pulse number N (Fig. 2b) . In the intuitive picture (Fig. 1c) , the transition in the 13 C dimer imposed an AC noise with a characteristic frequency. Therefore when the CPMG timing matches the noise characteristic frequency, the NV center spin decoherence was enhanced and therefore presented a dip 5, 8, 30 . As shown in previous works 5, 8 , the dip position is related to the precession frequency by
from which we extracted the pseudo-spin precession frequency ω With this we conclude that the coherence dip was caused by a dimer along non- 
which is the case in our experiment,
In the strong magnetic field limit , δt dip → 0, and Z (1) = 14.6 kHz is extracted from ω eff ps , as shown in Fig.3 for B = 1770 Gauss. The magnetic field dependence of δt dip gave the difference of the transverse hyperfine coupling δA In summary, we have observed and characterized nuclear spin interaction as weak as 685 Hz within a single two-nucear-spin cluster in diamond. By decoherence measurement of the NV center spin under multi-pulse dynamical decoupling control and various magnetic fields and by comparing the data with calculations, we determined the orientation, distance between the two nuclear spins, and distance from the NV center of the dimer, with atomic-scale resolution. These results demonstrate that the dynamical decoupling technique is promising for deriving the interaction between nuclear spins and therefore for structure analysis of single molecules on diamond surface using shallow NV centers.
Methods
The NV sensor in < 100 > face bulk diamond was mounted on a typical ODMR confocal setup which was synchronized together with the microwave bridge by multi-channels pulse generator (Spincore, PBESR-PRO-500). The nitrogen concentration was less than 5ppb and the abundance of 
